An elegant method is proposed and demonstrated for tracking the location and movement of nanoparticles in an optical microscope using the optical phenomenon of caustics. A simple and reversible adjustment to the microscope generates caustics several orders of magnitude larger than the particles. The method offers a simple and relatively inexpensive method for visualizing such phenomena as the formation of self-assembled monolayers and the interaction of nanoparticles with chemically functionalized surfaces.
Introduction
Caustics were perhaps first described and documented by Hamilton in 1828 [1] . He explained the formation of caustic curves and surfaces when light rays are reflected from curved mirrors. The effect of the curvature of a mirror is to cause the light rays to concentrate in some regions in space and to be absent from others so that, when a flat screen is placed in their path, bright curves and corresponding dark areas or shadows are observed. The same phenomenon is seen in transmission of light rays through objects that have curved surfaces. Lock and Andrew [2] have explained the formation of caustics occurring in nature such as in a rain drop. Everyday occurrences of caustics can be found in the bottom of your cup or glass and in clean bath water particular when it is running out of the plug hole. The formation of caustics by macro-scale surfaces is well understood and the shape of caustics can be rendered by ray tracing [3] . They have been used in engineering science in both their reflection and transmission form [4, 5] to evaluate the stress distributions associated with the tips of propagating cracks, contact between components and other stress raisers. In essence, these engineering methods involve making measurements on caustic curves that are many times larger than the local deformation of the material caused by the stresses of interest. The size and shape of the caustic (see for example, figure 1) are used together with the parameters of the optical arrangement to deduce the shape of the localized deformation of the object and to evaluate the stress singularity generating the deformation.
The effect is also observed in astronomy where the gravitomagnetism of supermassive black holes creates gravitational lensing [6] in which radiation is deflected from its path leading to the formation caustics that can be used to characterize the black hole and its behavior [7] .
The formation in a scanning electron microscope of caustics by microgrids has been studied by Kanaka et al [8] . They found that the theoretical prediction of caustic shape agreed closely with their experimental observations when they defocused the microscope slightly. They also found that gold coated spheres produced caustics that were similar in shape to those generated by microholes of the order of a few microns in diameter. These caustics were perceived as obstructions in viewing the true shape of integrated circuit specimens and recommendations were made for compensation of third and second order astigmatism to remove them.
The opposite approach to Kanaka et al [8] is taken here and is derived from the caustic method for the characterization of stress singularities in which a large caustic is used to identify a very small feature, i.e. the formation of a large caustic by a transparent nanoparticle is used to identify and track the location of the particle. An analogous approach has been taken recently by Wang [9] who monitored the diffraction patterns generated by adjacent 'optically bound' particles without using a microscope objective lens. This allowed the study of the dynamic motion of an assembly of 70 microspheres of nominal diameter 2 μm [10] using a significantly larger field of view than is possible in a conventional high-powered microscope.
A transparent sphere behaves in a similar manner to a circular aperture which generates a central intense spot, or Airy's disc surrounded by a series of concentric and much fainter diffraction rings when illuminated with light from a point source [11] . At, or beyond the diffraction limit, i.e. when the diameter of the aperture or sphere is less than the wavelength of the light, only the Airy's disc is observed. This effect allowed Fedosov et al [12] to track 40 nm gold nanospheres using the 1.5 μm bright spot generated when the nanospheres were illuminated with a red (660 nm) laser beam and viewed with a 40× objective. Caustics and diffraction patterns often occur simultaneously as in figure 1 and in this work; however diffraction patterns exhibit an intensity which varies with distance from the intense spot as a sine wave of decreasing amplitude whereas caustics are characterized by a shadow zone bordered by a bright envelope in three-dimensional space. Research in the application of caustics to characterizing cracks in engineering materials has demonstrated that their formation is optimized by the use of spatially and temporally coherent light [13, 14] with the sharpness of the caustic increasing with coherence [5] . The three-dimensional nature of caustics also allows virtual caustics [15] to be observed by defocusing or focusing out of the plane of object. In this work the location of nanospheres an order of magnitude smaller than those studied by Wang and co-workers [9, 10] were monitored in a conventional optical microscope using caustics by increasing both the spatial coherence though closing the aperture to a minimum and the temporal coherence by including a monochromatic filter. Images formed by a polystyrene sphere of 30 μm diameter suspended in pure glycerol viewed in a conventional optical microscope (20× objective) using the auto-focus facility (top) and then after closing the field aperture to its minimum (middle) and then moving the objective up by 15 μm (≡D/2) (bottom).
Methodology
A conventional inverted optical microscope (Olympus IX81) was used in transmission imaging mode in this study. It was fitted with a 100 W halogen lamp (Olympus model U-LH100L-3), a condenser lens-assembly (Olympus model IX2-LWUCDA), and a range of objective lenses (10×, 20×, 40×, 60×) for imaging at different magnifications. The lamp housing incorporated a weak diffuser, a green interference filter (Olympus model 43IF550W45, centered on 550 nm, 45 nm bandwidth) and an adjustable field aperture that could Figure 3 . Images formed by a nominally 10 μm diameter polystyrene sphere in glycerol viewed in an optical microscope (60× objective) using the auto-focus facility (top) then with field aperture closed to its minimum and the focus adjusted by −10 μm (≡D), without (middle) and with (bottom), contrast optimization followed by subtraction of the image from the empty microscope also contrast optimized. be closed down to a minimum of 1 mm diameter. Images were captured using a high resolution (1344 × 1024) 12-bit monochrome CCD camera (Hamamatsu model C8484-05G) coupled to the camera port on the microscope. Thus each pixel corresponded to approximately 0.111 2 μm on the object plane when the 60× objective lens was employed with the 10× fixed output magnification at the camera port. The Cell-P software suite from Olympus was used to control the microscope and acquire and process the images. The system incorporated an auto-focus function which adjusted the distance of the objective lens to the sample until the width of the intensity histogram was maximized.
In an initial experiment to demonstrate the formation of caustics in a microscope, polystyrene spheres of nominal diameter D = 30 μm (Fluka, product no. 84135) were viewed using a 20× objective lens. The spheres were suspended in pure glycerol and placed on a standard glass microscope Figure 5 . An image of caustics formed by a population of 100 nm silica particles in an optical microscope (60× objective) with the field aperture closed to its minimum (top) and the same image with contrast optimization followed by subtraction of an image from the empty microscope also contrast optimized (bottom).
slide with a cover slip. The field aperture in the lamp housing was left fully open and the height of the condenser was adjusted to find the approximate position where light throughput was maximized. Subsequently, this condition was shown to be equivalent to setting up the microscope for Köhler illumination [16] . As might be expected, the spheres were readily visible as shown in figure 2 (top) , where the auto-focus facility was employed. Once this normal-mode image had been acquired, the field aperture was closed down to its minimum (1 mm) and the lamp power increased to compensate for the lower light level. The image generated (figure 2 (middle)) showed the formation of an obvious caustic pattern consisting of bright and dark concentric rings. The image was then defocused slightly by moving the objective lens by 15 μm (D/2) towards the sample which resulted in an increase in both the diameter and contrast of the caustic pattern, as shown in figure 2 (bottom). The experiment was repeated using 10 μm polystyrene spheres (Fluka product no. 72986) and a 60× objective lens, with the results shown in figure 3 . A strong caustic pattern ( figure 3 (middle) ) was recorded with a defocusing distance in this case of 10 μm (D), which was then further enhanced by digitally subtracting the uniform background ( figure 3 (bottom) ). The main features of the Figure 6 . Images formed by a nominally 50 nm diameter silica particle viewed in an optical microscope (60× objective) with field aperture open to its maximum (top) and closed to its minimum (bottom). caustic pattern were a circular shadow centered on the sphere and a bright ring surrounding it. The caustic and its shadow spot are superimposed on a bright spot (or Airy's disc) at the center and a set of diffraction rings.
No changes were made to optical arrangement before introducing nanoparticles, i.e. the focal position of the microscope for the polystyrene spheres was used initially in viewing the nanoparticles. This experiment was repeated separately with silica nanoparticles of nominal diameter 300, 100 and 50 nm suspended in glycerol and the results are shown in figures 4-7. In these cases the particles have a diameter of the order of, or less than, half the wavelength of the light (λ/2 = 275 nm) employed and so cannot be resolved in the microscope in its conventional set-up i.e. focused on the plane of the microscope slide with the field aperture open to its maximum, as shown in figures 4, 6 and 7. However caustics are visible when the field aperture is closed to its minimum. These patterns, caused by the interaction of the light beam with the particles, are more apparent when the microscope is Figure 7 . A z-stack of images at 40 μm intervals with the field aperture opened to its maximum (left), and closed to its minimum (center) when viewing a 100 nm silica particle using a 60× objective. The images with aperture closed are a subset of those used to generate the x-z and z-y sections (right). defocused as shown in figures 2, 3 and 7 and found by Kanaka et al [8] . This behavior was explored using a z-stack of images created by moving the objective in equal increments along the light path (z-direction). Two sets of such images are shown in figure 7 for a 100 nm particle with the field aperture in its maximum and minimum positions using 5 μm increments of the objective in the z-direction, although only a subset of the images are shown in figure 7 . Sections along the x-and ycenter lines of these images were removed and combined to generate the composite images for the x-z and y-z planes in figure 7 . These composite images reveal the three-dimensional shape of the caustic pattern.
In order to enhance the quality of the images of the caustics some simple processing was investigated. An image was captured using the microscope set-up but with sample removed which provided the background noise from the optics. The contrast of the captured images was optimized and then the empty microscope image was subtracted from the caustic image. The result for the 10 μm sphere and 100 nm particles are shown in figures 3 and 5 respectively. These operations were performed using the software (Cell-P software) supplied with the microscope.
Discussion
Carazo-Alvarez and Patterson [5] in their work on caustics generated by stress singularities employed a white light source with a narrow bandwidth filter and a pin-hole (50 μm diameter) to create spatially and temporally coherent light which results in the sharp caustic seen in figure 1. The same approach was used in the microscope in this study by closing down the field aperture to the minimum and introducing a narrow bandwidth filter. The effect is shown in figures 2 and 3 but because the minimum aperture was about 1 mm which is larger than employed for figure 1 the caustic is less sharp. However, the application of some simple image processing involving optimization of the image contrast and subtraction of the background noise reveals a classic caustic pattern for both micro-and nano-scale particles as seen in figures 3 and 5. Since the caustic is a three-dimensional envelope of bright light formed in space, defocusing the microscope reveals its threedimensional shape as illustrated in figure 7 . This phenomenon can be used conveniently with nanoparticles to identify an appropriate position of the objective lens for viewing the caustics and for tracking the position of the nanoparticles in the z-direction.
Lock et al [17] have considered, both experimentally and theoretically, the interaction of an optically trapped 5 μm radius polystyrene sphere with its trapping beam. They state that since their beam was very tightly focused, there was superposition and interference of the beam with the scattered field in the forward hemisphere. They observed a series of concentric bright and dark fringes and found that their number and contrast depended on the position of the focal waist of the trapping beam relative to the sphere. Their bright and dark fringes each exhibit a uniform intensity characteristic of interference and more specifically diffraction patterns. Diffraction patterns were also observed in this work, for instance for the 10 μm particle in figure 3 and perhaps also for the 100 nm particles in figures 5 and 7; however the nanoparticles are below the diffraction limit and so only the Airy's disc from the diffraction pattern should be visible. Generally the diffraction patterns were less apparent and hence less useful than the caustics.
Toprak et al [18] generated similar rings from particles of diameter 200-500 nm by creating a defocused image. Their arrangement employed a bifocal imaging apparatus attached to the microscope to allow simultaneous viewing of the focused and defocused images so quantitative threedimensional tracking was viable. They do not provide results for particles with diameters in the range 50-100 nm, as in figures 5-7, however it is likely that their apparatus would generate similar caustics if the field aperture were reduced to a minimum as described in the previous section and hence such particles could tracked.
The magnification of the caustic ring relative to the image of the particle in normal viewing is very modest for the large particles (30 μm) at low magnification (20× objective) in figure 2 but increases to about twice for the smaller polystyrene particles (10 μm) at high magnification (60×). For the nanoparticles, the caustics produce a magnification of between a hundred and a thousand times the particle size making it possible to track their location and movement quite straightforwardly. This allowed Brownian motion of the nanoparticles to be observed, for example.
The methodology used in these experiments is easy to apply and requires no modification to a conventional inverted optical microscope. It has the advantage that a representation of the nanoparticle is generated which is up to three orders of magnitude bigger than the particle allowing easy tracking of the particle. The formation of caustics as a consequence of the transmission of light through objects larger than the wavelength of light is well understood [1] [2] [3] [4] and these experiments demonstrate that similar behavior occurs when the object is smaller than the wavelength of light. However further work is required to develop a complete explanation of this behavior. Figures 5 and 8 show populations of 100 nm and 10 μm particles in the full field of view of the microscope whereas in all of the other figures the images were cropped to show only a single sphere or particle. In particular, figure 8 shows a number of particles in close proximity and thus generating overlapping caustics. The capability to track the location of nanoparticles within a relatively wide field of view is of interest in a wide range of applications such as self-assembling and optically patterning in new photonic devices or in nanobiotechnology, e.g. protein labeled nanoparticles interacting with a chemically functionalized surface.
Conclusions
It has been shown that by closing down the in-built field aperture fitted to the halogen light source of an optical microscope, caustics can be generated from spherical particles in the size range from 30 000 nm (30 μm) to 50 nm (0.05 μm). At the nano end of this range the caustics are of the order of hundreds of times larger than the particle thus allowing the location of a particle to located and tracked. The technique has potential in the tracking of nanoparticles during a wide variety of applications in nano-engineering and biology.
